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Abstract
Y’his  papm  dcsmih  rr l’~-lmcd  crmtTcdlcr  joI  Tobot-

Ossistd rninirrdly ‘i?lwlsill[!  STLl~CT~. l’tLC  ({[  V(’10~)ltlC?lt  iS

?notimtc!d  by the need of I educing  ihc c3pos117  ( of OIKV  (l, ti71/J
T007rL pC1’SOT1?lCl  t o  X-7a~y5  d1L7ir1.9  sunyical  ~)wctdvrc,s  ,57i,clL
aS llCICILt 0,11 COILS disccctomg. 7?1c  app700ch  tokc71  corl,$i,sts
Oj  lLJl,q7<Ldi71(J  t}LC  }Laldv)o,m  0,7 Ch~f<:Ct,l/,l  C fl,?ld !!11: C071t101  sojl-

wo,rc  oj o  cka7t-7o07r~ I’UM,4  260  7/Lo7~i@oto?,  07M1  b{y rlc-
?Jclopirlg a  ?LC?I1  visiolh-based  o~m?ator irltr’?’jorr. ~’}Lf  OT  i,q-
inol I)1JA4A  contlollm is intmjomi  to  a  I’C joI t70,,jvcto7y
IJP71(77<l,ti07L  o,rLd  fo?cc/to7qur  do, ta orq!/i,sitiorl.  Kirlc~TLotic
a71d  co?[l?[h?!,?lico,tiolb  fu?lctio?ls  ar t! poTtrrl t o  th? I’C  ~1071L

t/Lc  1(6’6’1,  pockagc,  ~~bf!  opeloto7  i?Ltcl~acc  is ?I,?cd  fol ?okt
calihation  a n d  lTLOti07L  C07TLlTLa7Ld,S.  ]11 t}LiS  i7rLJ)lflrLfTLt  n,tt071,

l)ositio7L  colLtrol  and  jome/torq?/c  do,to  o,cqai.sitio7k  01 I CY r-

ClltC(/  C1lC1’~  28  11/.5,  ihllS  1)7CSC1  0i7L~]  t)l~  0 1 1 ( J 1 7 1 0 1  ?Ob[)t  ~)Cl-

jor rr,ar,cc.  l’mli?nil,or  g tests ham  s}LovnL the volidity  oj t)~i,s
Ol)JWOaCh  arid ?“cadincss o f  the  sy,stma  foI rrLol  t I  (:ali,stic  C?

J,CI i? IL C71t,S i?l  the 0]) C7’(lti71q  7 0 0 1 1 1 .

1 Introduction
lmvm-lJ~Ck  itljuries  are a flcqll(,~lt,  ~)at I\olo&y”  afl(cl  illg
l)at  icllts of all ages a~ld  O(cul)atio]ls.  It is cst iIliat[y],

for malnl)lc,  that,  lnorc  tllall  400,000  lmv(,r-l)ack  O1)(v-
atio~ls  arc l)clforl[ld  wcry  war  ill tllc  lJS alotlc. It, is. .
tlicrcforc  v(vy ilnl)oltatlt,  to dcviw  II(WY,  l[litlil!ially ill-
vasiw  ~)mcdurm  that could rducc  t Ilc tr(wt I tlmlt  COS(,
atL(l  tllc llosl)italizatioll  tit[le of tll(w itljuri(w.  S01[1(’  of
tll(’s(’  l)rocdures  wmlld l)(vldit  fcolt I t IL(’ usc of rol)otic
I[laIlil)UlatO1’S,  bU( \’(’I’J’ fCW’ (’OIIll  Il(T(’ial  l(l})Ot S  llaV()

tl]c l)crforltla~lcc ]]udd ly s u r g i c a l  olwrat ions, aII(]
IIOII(I lms  a  cost,  coltll)atil)l(>  Tvit,}l  tllc  1)11(1s(4  o f  a rc-

S(tat’(’ll ]:lbOlatC)I’~.

AIL al)l)calir[g solut,ioll  is to cllllaticc  t,ll(~  cal)al)ilit ics
of a g(’II(:ral  l)ut lmsc rol)ot l)y illcrcasillg  its (,()~~ll)ut :i-
timl I)owel aTLd  I)y a(l(litlg  a(l~wllc(’(1  cc)lllrol  alI(l II(’IV

safety features. I’llis  rout(~  has l)CCII  l)ulsll(~(l  frolll tllc
l)cgitltlillg of ccrlntn(wial  rol)otics  [10, 1], all(l  lias 1(xI
to ilnl)oltallt  results t hat  l)cridit,  fml[i tllc  ca])al)ilit  ics

o f  lJ~lix  wolkstatimls  [ 5 ,  6 ,  4]. I’ILc itlmwscd  coltl  -
~,utat  ic)ll  l)owcr of wollolllic  l)(:IsolIal c(,I[ll)ut  ms (1’C)
a l l o w s  Iiow  to dmdol)  silnilar rol)d  corlt M) II(’] ill tll(~

$,lct l’ro],,,lsio,, IJal,orat o*y
California IIwtitlltc  of ‘1’cc.lllkolog,y

l’asacl{IIIa,  C;lliforllia  91109

l~igul  ( 1: ‘1’lIc  1’Cco~it rolld slll~ical  1’LJilfA,

1’[;  (llvitollltl(~tlt. 1 lolvc~r(,l,  t 11(’  solut  ions  l)r(w,llt  d so
fat lack ~(’]L(Ir  ality 01  sirlll)licity of 1]s(. 1’(H cxallll)l(,  a
l’[;-l)as((l  syst(l[l  (wltl(’ct(d  to a rol)ot mr[troller  v i a
a s~Iiiil itlt(,lfii~~  i s  ~)l(w,llt(~(l  itl [8]. lJsillg  tl~is  sYs -
t  (vll, tll(’ ol)(’rat  (n call s(’lwt a  sl)wific  collt ml lalv,
s(,t t 11(,  collt rollm gai[ls, and  collil)ilo t lle collt ml  la~v
into a ])rogial[l  to  1)(’ dmvllload(d to tllc ro})ot  col I-
t I“oll[’1”.  111  [3] a l’(:-})as(d  COllt  [OII(T for a d[xtwc)us

I[lallil)ulator is dw”lil]d,  ~vllicll  illtcgrat(w i~l a single
of f-t 11(,  -sll(~lf  1’C lol)c)t  collt ml all(l olwratc)l  il)terfac(’
f[l~i(t ions.  lJ~lfoIt urmt (ly t llcs(,  co~~t rollcm catl only I)e
usc(l  w’itll  tllc lli~ll cost  ~Ilallil)ulators for w’llicll  t,hcy
www  (I(,v(,lold,  siilc(,  tll(~y r e l y  orl l)m~)li(,taly  ilifol-
IIlat ioll  flo~ll t II(, ml)ot ~lmllufact  UI(Y,.

AIL al)l)roacli  t () d(~r(lol)  a  1’CIEHK1 Iolmt ic coII-

1 I“oll(’1 at a l[ml’1’  cost and for a larg(,l’  11s($1’  l)aw t}lall
t Ilc al)ov(,  syst (v[ls,  is to r(~f(ll  l)isll  all ol(ler I’lJL’IA IIm-
~li~)ulatol  l)y ul)g[adirlg soILk(’  of its llardwaw  alld  scrft,-
N7il  e. S() fal  llowmw,  t h i s  al )I)macll has rcc(,i~wl lit-
tle at tc[lt ion l)ccausc  of t II(’ lack of dct aild  t (dktlical
illfolrt)at iml fcoll)  tllc  lr~allufact  urm. Sitlc(’ smn(’  tjdl-
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nical iaforltlatiml  al)cmt  1’lJMA  lnatlil)ulatoIs  is fourl(l
in tfl(: clocLltllc:l  Ltatioll  of tllc  I{ol)ot  Cotltrol  C llil)raly
(RCC1,)  [ 4 ] ,  ww l)asd  tll(: dcvelol)~a(nlt  o f  this I’C
b a s e d  controll(v  for I’Uhl A’s on tli(!  I{CC1,  l)acfwge,
w h o s e  wdl Wriijt  en atld  cxtcllsivcly  test c’(I ~Jrogtarns
can a v o i d  code du~)lication  ati(l  I(XIUCC t(’stillg t,i[ac.
Sillcc  llCCI,  mllm)t  lx: used dircxtly  ill  a I’C (vlviro~i-
mmt, duc to its {Jnix origitl, soItlc r(:v(!rsc  cligitmting
is necessary to l)ort  RCC1.  fullctiolis  all(l  data struc-
tures  to the’  PC cll~~irc)lilll(:[lt,.

I’llis  l)al)cu documents  tflis ~)roccss,  ill tlw lloIw of
l)rovi(li[kg  a useful lncthr)dology to ot llw r(walcllcrs
illvolvcd  ill  sinlilar  (l(:vclc)l)~l~clltjs.  1 ’0  tjfl(’  l)cst  of our
kllo}vl(:dgc,  this systmn is t hc first I’C-l)as(d  coritrollm
for 1’lJhIA  rol)ots  cIwc101)N1  usitlg liCCI,  and integrati-
ng in a single comllmcial  PC I)otli rol)ot  mitrol  atd
ol)erator  illtcrfacc fut~diolls.

Tllc paI)rr  is Organized as follous.  III tllc  follow’itig
Section  wK! give the  medical lndivatiol)  for this ~~wrk.
III Sdion  3, wc dcsmil)c  t h e  har(l}varc and  softwwt(”
ardlitwturc  of the syste)n.  III %dioll  4, ~v(, sulnlllariz(,
the fcatum  of RCCIJ ~)ortcxl to tll(’ I ‘C et Ivirolllll(vlt.
%dion  5 dcscrilm  our currcmt  cxl)cril[l(rlts  usiri~  a
visicnl-l)asd  q)crator  illt(,rfacc.  l~itially,  ill S(x.tioll 6
\vc dra~v some Conclusimls  froltl tflis work all(l  discuss
the directions Of 0111 futulc! mcatdl  iirl(l [1(’Ir(’lo]ttll(’tLl.

2 Medical Motivation
N’linilaally  irlvasivc  surgical  l)roccdurw  arc ]oatillely

MC(I for Iower-l)ad  irljurics,  l)ut a f{!~r sl)m:ific  i]ljari(w
still require rcgalar  surgery or extellsiv(’ X-ray  ~tm~li-
torillg.  T`llisis  tllccasc,  forcxatlll)lc',  c) fllltlll)atr:\( licll-
lo~)atlly  dac to hwlliatd  disks, whiclt  call I)e cff’(’ct  iw!ly
treatd using l)crcatalmous  disc(:ctm[ly, a  ll)illilllally
invasive surgery that requires tlw I)rccis(, l)ositiollitlg
c) fag(liclc  ~icc’cllcagaillst tl)elrsioll.  IIwaus(:of  tflcl)c)-
sit,  ion  of tllc lesi(nl, tllc’ sut’g(’o~l do(’s  llOt  SW tll(’ al’(!ii
rcacllcd  by the Il(wll(:, and lL(:/sl  Le Inust rely  otl flllom
scol)ic  ilnages and  l)aticllt  f(!dl)ack  to avoid (Ialllagitlg
llervcs and  I)loocl v(xmls.  l“igarc 2 is a tyl]ical fluoro-
scq)ic  itnagc, snowing  tllc gaidc  ]Iwcllc l)ositioll(d  0[1
tll(!  ll(v~)iatd  disk.

l’c:rc~ltallcc)lls  clisccctc)llly  is all al)])  calitlg ~)rocc(lurc
sitlce it diminatcs  the lid for elltly  itlto tflc sl)ilml
canal.  It cmlsists  of the rmaoval of tflc l)rolalm(l  tis-
sac l)y ilmrtillg  the surgical tools  across a slllall skill
il)cisioll ullt, il they marl) tfl(!  11(’rlliat(xl  disk. 211(’  tools
arc guided  l)y t h e  nudlc  itlitially  l)ositim)c(l  l)y tllc
sorgcml.  l’e~cuta~)cwus  disccctmoy  oflcls  a lLIIItIl)(’I  o f
ad~’alltag(w,  il[cllldillg  tllc!  a~’c)icl:itlce  c) f(:l)i(lltt:il  l)l(w-
illg  alld  pcrillmral  fil)rosis, t}lc  dil[litlatio)l  of (latlm~(,
to the articular  facets, and  the l)r(!scrvdtioll of sl)illal
stal)ilit,y.  lJ~Ifc)~t[lrlat{:ly,  ~)c,~ctlt,:l~t(~c)lls  (Iis(x,do)lly  i s
pcnform(!(l  uIldu fluorc)scoI)y,  thus (Ixl)osillg  tll(’ ltidi-
cal staff to large azaoullts of radiation.

l~igllr(’  2: A fluorosml)ic  ilrlag(:  of a disccctomy.

‘lb  owlcolllc  tllc ~)ml)lc!ltl  of  radiatio~~  cxI)osarc,  a
se[l)i-:illtc)l[latic  l)roc(dur(!  is ~)rol)osd  i[i [7], using a
I’UMA  26(1  IImllil)ulator  to assist tlic s(ltgc!oll  during
tll(’ ]m(lle  ilmrtioli.  A  rol)otic  arlo can l)c usd suc-
wssfally  i~l this l)wcdur(  1)(’cause of tllc si[lll)licity
o f  tllc  s(lrgical gmtore  r(’(luir(d.  111  fact, tfw ir)scrtio~l
o f  tflc ~uid(~  ~imdl(’ co~lsists  of a Sittll)le  litlcar  trajm-
t()[y,\v llc)scle  llgtllall  (lc)rielttatic)  llatcclloscllc)ll  CAT
s(.alis  datitl~  I)r(w)l)erat,i\’c  r)la~lnillg. ‘rhc  ~)roposd
rol)ot-ai(l(d  l)rocdure  consists of thrw  1)1 Lasm.  In tllc
first l)li:ls(,t  llcslltg(`c)lll) c)sitiolistl  l(til)oftl  lc1lcccllc
Inourltdol)  tll(’lol)ot}vlist  at tfwstarti[lg~)o  itlt ofthc
ills(’ltio~l.  I)ulillg  tlm SCCOII(I  l)llasc,  tlw lnaniImlator
:tlltc)llc)lllc)(lsly  adjusts t,flc orie~lt,  atio~i  of tll(: llccdle  to
tllc  ])lal)~ld  lrillll(’, at~(l  itlitiatcs  tile lootioll  t o w a r d s
tll(’ l)rolax(d  tissa(’. ‘1’liis  I[)ot ion is mollitor(!d  I)y the
surg(w~iil[  alocatioll  ~)rotwl(d  I)y tfl(:X -rays.  1+’i[lally,
!VINJI1  tllc tat~ct, (Iiskisrcacll(d,  tlm llc(’cllc:islllllockccl
:itl(l  tllc  lnatii I)ulator  rm[iov(d, lea~’ing  rooln for tll(!
Sllrg(wl to mlll)ldc  tflc  pl”o(’c!dm.

‘III I)crfcmrl  tf[is I)m(duw  suurssfally,  scvmal  c]l-
llall(c)tl(’llts  arc Ilmdd  t o  tflc  sta~i(lar(l  I’LJMA co~l-
t[ollm,  itl l)articulal  ill  the arms  of ol)eratc)r itlterfam,
olwlati; r(’ ~)lalttiill~  and  killcrnatic  cmltrol.  It is lLcccs-
sary to itlt(’grate tf)c analysis  of tllc  CN1’  stalls  all(l  of
tll( fluoroxq)c  itnascs  ~vitll  tllc trajectory ~)lallllil~g  of
tflc rol)ot.  l~(]rtl](:llllc)]e,  ki~l(v[latic  singularity avoid-
ance all(l  forw  (’Orltl”ol  I[lust 1)(! a[ld[  ’(1 to tll(’ [olltroll  (’1
t o  itlcrcasc  ol)(’ratiollal  saf’cty.  I’ll(w features  catl-
~lot, l)c~ilI)~)l(~~t~(,llt(~(l  usillgtl)c  statl(lald  l’IJhl A Illotion
(wltrollcr, all(l  a  lilore l)o~verf(ll,  l’C-l)ascxl  cmlt,rollcr
ltlust 1)(’  (l(w’lolm(l for this alq)licatio~i,

2



——

Figure 3: SdLmnatic layout of ttlc  I’C collt  roller.

3 System Description
This section l)ridty  dcscril)cs  tflc  ~naill  colt)])oll(llts  of
t h e  11(:W I’Gl)asd controllca’.  Its llardwww  (lcsigll is
driwvl  by the Ilcd of interfacing standard  Ial)oratory
(!quil)~ucmt to LIIC I’lJMA  fatnily of ~lliil)il]i]liitols.  ‘1’llis
feature siln~)lifics  Inaintcllatlcc  a]ld  eases t,tlr adoI)tiotI
of tllc robotic workstation I)y tllc ~ncdical  co]lllnll]lity.

3.1 Hardware

1’11[:  l]ardwaw  usd itl ttlc clc:~’c:lo])rt](rtt  o f  tllc I’C-
l)ascd surgical  workstatio]l  cmlsists  of a 1’lJMA  260
mani])ulator,  a pmo~~al  COIUI)UW,  all Assura]lcc  ‘I’NII  -
nology Inc.  (Al’]) G - a x i s  lbm-~’olq(lc  (l’’rJ’) smwor,
and  a solid state T\r canlera,  as slLowIi  scll(’l[i:iti(alljr
itl K’igurw  3 .  Tllc I’LJLIA is  wluil)lml  wit]] i t s  origi-
nal  l)S1-l  1 controller  enllallcd  by a I)l{V-1  1 l)oald  to
cauy out, a ])arallcl  cc)]lllllllt~icatic)ll  with ttlc I’C. ‘1’llc
i~lstallatiml  alid settitlgs  o f  tltis Imard  arc dcscrild
it) [5]. ‘1’IIc serial I)ort of the I’LJMA corit  roller is used
fo~ t Im initial s(!t-ul) and  for dowrl)loa(lillg  t}lc soft ware
r e s i d e n t  ill  tllc PIJhf A cmltrollct.  ‘1’llc  ~mtallcl  ~mt
of the l’lJNIA  is Lwd during ]lorlnal oI)(}ratio]~, to cx-
cllallgc  data  l)ctwwn  tllc  I)C a~l(l  tll(’  I’UMA  s(,rvo
cmltrollcrs.  ‘1’he PC is cqui~tl)d  wi(ll a 1 ()() hfll~, I’(v)-
tiu~~l lntd ~rlicroproccssor,  16 h! Ilytm  of l{ANI, sclial
al~d  ])arallel ill~)LltJ/oLltl)lltj  Imts,  atld  a fraltlc  gra})lwr
for image acquisition. ~’llc! fratnc  .gral)l~cr  is ca]ml)lc
of several itl]mt forlnats,  to accq)t il[lagcs fmit~  cliffcr-
mlt o~wrating  room cqui])lnollt,  a]ld it i]lclll(lcs  a vidm
driver rq~lacing  the I’C video dlivcr  to dis]]lay  lmtll
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Interface
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28 ms

125 IIS
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CPII USE

4: IJiagralll  oftll(! sc)ft\valcti  lllillg

calllma  il[lap(w  all[l  tllc COHlpLltC’1 OLltl)llt  0 1 1  the I’C
]nollitor. l)tlritlg  lmrltlal o~)cratio~l  ill  tllc ol)cratitlg
1{00111,  ttlc caltlma mill  I)c rel)lacwl  I)y fluomscol)ic  de
vice, l)rovi(liILg i[nagw  of tile Iwdlc ilmrtio~l.

3.2 Software

‘1’lIc  l)C software is ill~~)l(’lllc~lltccl  using tflc  DOS op
cratillg  systc~li.  l’l~c a d v a n t a g e s  of this clloicc  arc iti
tllc  Iargc a~tlout~tf  of software available, ill ttlc  signif-
icattt dcsigll mlw]t  isc awiilal)lc,  a n d  ill  tllc comlJati-
I)ilit  y \\ ’it ~~ Soflw’aa’c  ])a(kit~~s  LIs(’d d\lrilLg  l)rc-surgcrj’

~)latlllitlg.
‘1’11(:  ((III ral el(’t[w[lt  of t Ilc I’C software is aIL ilItc’r-

rul)t IIalldl(’r  act ivatd  l)~r t }le N:al-t  ilnc clock of the
I)loglall)ll):il)lc  illtc’r~’iil-cc)(lllt(r  ill  tllc CilfoS l[lmnory
clli~) of tll(:  l’(; . ‘1’llis  llard!vaw  illtcrrul)t  dots Ilot ill-
t(’~f(w w i t h  tll(’ I’C clock ;illd is llorlnally  associatd
t o  a~i ul~l)ty  illtcrrul)t  llalldlw.  AII itltmval o f  125//s
is c}tos(’11  to elwulc  a good stal)ility  of tllc control looI)
iil)d  a ~)tolnl)tj  a(quisitioll  of tl)(’ sensory data.

‘1’0 sillll)lify tlic dcsigll all(l  tllc sy)lcllroliizatioll  o f
t}l(, difl(wtlt  Inodulw  itl tt~c ~)rogralt),  wc used  a  coln-
IIlclcial  real-ti[llc o~)(’ratillg  systcrn called Itrnl)cddd
lX)S [9] v’}ti(}l  I)ro~rid(’s  r(:-rmtrallt systmn cal ls ,  and
furlctiol]s  sucli  a s  tllwads,  s([l)al)lmws  all(l l)rotectd
s(,glnmits.  ~lowlvwr,  it is lvoxtli  lloticill~  that this rcal-
t itll(’ sulq)ort is Ilot cssmlt  ial for t,li(: l)asic full(timls  of
tllc colltrollcr.  111  f;ict, }vc :iw wwrkit~g  (III a v e r s i o n  of
t h i s  co]ltrollm  tfmt will  lmt IISC tlic colnlncrcial  ~)ack-
age  and  tltat wrill  tm released ill  tltc  l)ut)lic do]llaill.

l’lic 1 ‘C soft MWlC  Cmlsists  of ttw followi[lg t Ilrcads:
(i) A  71L(Ii71  ~)ro~latn  handling all IIousek(!cj)illg  fur~c-
t io)ls t o illit  ialiw  the (:11~’ilc)~llt~ellt,  dwodc  tile  lnotioll
cOIllItMIIis, start tlw r(’al-tilllc  clock  atld  ttlc  c o n t r o l
tllwa(l  :111(1,  at tllc  CIL(I of tllc trajdory,  to  saw tllc
tr:ij(’ctoly  data  to at~ ASCII file otl disk.



k’igurc  5: V i sua l  calilmat ion  and  targd  acquisil  io~l.

(ii)  A graphical interface for ro}mt  calil)rat  io~l aIId IIlc)-

tio]l c o m m a n d  i n p u t .  ComIIIands CaII l)c sl)wifid  ill

joint, OI Cartesian  rdatiw!  IllOtiO1lS,  or l)y select itlg  t 11[’
t r a j e c t o r y  (YId  I)oint  on tllc ituagc  of tlL(’  Iol)ot.

(iii) ~’llc  co7Lf701 task activated l)y tllc illtclrul)t  llatl-
dlcr, lmrfornlit~g  the t ra jectory  illtcl’IJC)liltio  ll, tllc vc’-
locity  liltlit  dlcck, and  t)lc  co~lllllllllicatic)li  witli tllc
I’lJhlA  controller.
(iv)  g’llc sc7MoP  acquisition adiviltd  l)y tllc  illtcrru~)t
halldlcr  at a hig~w frcqucnlcy  tllall  tll(! co~lt,rcd  t a s k ,
sillcc fOL’C’C/t,OL’[lLl(! IIl[!as  LIt’(~IllcIlts I[lllst  l)c corn~)lc’t(’d

}vitl[itl  a control cyck.

‘1’lIe  illtwaction al[long  the  tasks  i s  scll(’I[latically

r(:~)rcsclltd in Figure 4, wrllicll  also snows tll(’  tit[lillg
of tllc c.o~ltrol functions. ‘1’11(!  real-ti[nc clock runs at a
125 ~ls intcrwd  dLIIiIIg the exccutio~l of t II(I tlaj(xtory,

and illcrclncnts  the coulltw  for tjllc  28 71/.s co] Ltrol  al,gc)-

rithm. 1[1 Figure 4, the c.w:cutio~l  flow of t l]c l)rogralll
is S11OWIL  by the  arrows li[lkitlg tllr,  various futlctio]ls
and  representing causal datio~ls.  1’IIC  twit roller soft-
ware  star~s  with tho Inaitl  task (o), followed 1 )y t,ll~!  ol)-
crator  intcrfacc  (b). \fThClI a IICW IIlotiotl c(MIItnaIId  is
given, the docks (d) and  (c) are started, togctllcr  with
tllc the colltrol  (c) atlcl  tllc’ Irrl’  acquisition (f) tllrcads.
At (g), w}lN)  the trajectory is fitlishd,  t}lc ~[laill  tull)s
off the docks, saw the data to a filo  aIL{l cILal)lcs  t,llc
qwlat,or’s  i]lt(!rfacc:, w’llicll  disldays tlic  cl]trcl]t  ])osi-
timl of t,llc  ar~n.

l’lIc FYI’  smIsoI l)roccssor  acquires the cigltt,  strair[-
.gaugc  values in al)proxitllatc]y  2 711s, all(l  tlalls -
IIlits tllcw  t o  t h e  1’(; i n  250 i(s. ~’llc acquisi-
tic)ll/tratlslllissic)ll  c.yclc thus ~wovidcs  IIc!v lr’l’  data (w
cry cycle! of t lm control algoritllt[l.

4 RCCL port to the PC
l’liC l{o})ot Cm]t 101 C Iji})raty  (l{ CC1,) consists of two
rllaill  colrirJolierlts:  a C lallgua~o extc’rlsioll  f o r  rolmt
Illot ion  l]lallllill~ and  ccnltrol, atld  t llc I{cal-rl’ilnc  (km-
tlol IIltclfacc  (RCI)  lwkage.  ‘1’IIc forltlel  illcludcs  lwo-
gralrls  atId clata  structorc,s for liillcnnatic  aIId I)latlllillg

coltll)utat  iol]. I’lic lat tcr  llalldlcs  tllc real-t  iltlc asl)cds
of rolmt co~ltwl  and  conllnut licat ion. Jf’c take aclvatl-
tagc  of tllc  Illodularity  and quality of I{ C; CI,/l{CI  l)rc)-
glallls  hy Ilsillg  solnc of its (x)~ll~)ollctlts  into  tllc soft,-
\varc  of tllc I’(;-l)asd  ccnlt roller.

M’c uw scveta]  ek’lrmllts  of 1{(~1:  tlw cc~lrllllllt)icatic)ll
I)r(]gtat!l dww?~,  tllc  I’IJMA rcsidclit  soft~vaw  I) LOI)CT,

atl(l t,llc f[lllct io~)s  and  t II(! data st ructurcs  to co~n~llu-
~licatr  lvitll  lI]ol)cr. I)OWIL ovcrlvritcs  tllc \~AI, lall-
guag,c  with lflolwr. hfolmr is tllc software ill  tllc IjSI -
1 1  co~il~]llter  tliat  llatldlcs tllc (Iata excllallgc  lMww’11
tlic joitlt servo control lers  alkd tile 1’(;. It is Ivortll
]Idi(”illg  t)l~it  1)101 )[’1’ \\’01’kS  l)l[)l)~l”ly  Only 011 a  ~011-
t  rollw t}lat has lNCIL  frcsllly  irlitializcd  by l~AI,.  Sillce
tllc rca]-til[lc  clock OIL  t}le I’C ljrovidc’s  alt a c c u r a t e
ti[tlillg, llcrc!  Illolm  is used in slam Itlodc. ‘1’lIc l o w
lclrcl  cc)~[)t[llltlic:ttiotl l)ctwwvL  tlw l’C s o f t w a r e  and

II Io~)(’r  is carri(d  out, using RCI puma-input  ( )  atld
puma .output () wilt  illes, Ivllicll  read flolll,  al Id Ivritc
dat  a t o t ~lc st I“u(’t  111(% ddilld  itl RCI_RBT,  i.e. JLS ,
HOW, CHG, KIN [4]. l’l Ic rea-t  ilt)c  su~)I)o)t,  task syl I-
(ltlc)~tiz:ltioll,  a~ld  ir!t(!r-task  cO1ll~l~~lrlicatic)~l  011 tllc  PC
is catrid Out l)y t 11(’  r(,a-t  illlc soft lirarc  [I[y+clil)(,cl  ill
Scctioll  3.2.

‘J’lIe co~lt d t llrcad clcscrit)cd itl Scctioll 3.2 illcludcs
t lkc follo~villg  I{CI fullct  iolis  organized ill t Ilis order:
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IFig,ure  7: l’lot of the position Colltt.ol  exlwilllcllt.

1. priSignal  () sigtlals ~nolwr  tllc  arrival of a II(’JV se-
Iwitlt;
2. priRead () reads the currcxlt [vlcodwi  values;
3. puma-input () collverk tlw cIicodcw  irlt  o joilltj  all-
glcs and clocs a safety cllcck  o~l tllc itllnlt data;
4 .  cycleDrive  () gcnerat[!s  tll[!  trcijccloly  illt ellmla-
tion;
5. puma _output  () collvcrts  tlm sctpoirlts  itlto ~’1l(”o(l(’1’s
data  and  dots a saf(!ty cllcck 011 tllc outl)ut  data;
6. priWrite sc~ld  the sc!tl)oillts to ItloI)(!r.

‘1’lic  kinclnatic  coml)utatiolls  011 tllc  1’C arc carried
out using RCCIJ futlctiolls  and  data st I IIct urcs. ‘1’lIc
trajectory .gclwrator consists of a cycloidal itlt crlmla-
ticnl  Ivliich  suits  tile a])~dicatiml  IIccds  1A tcl tllall  tllc
origitlal l{CCIJ  trajwtory  g[!tlcrator.

Ilcfore  starting  a nlotioll,  ttlc trajcctoly  is colnl)uted
oft’-linc to check for l)ossil)lc  singularities aILd to verify
that joint velocities arc Ivitllin tllc  safety litllits.

5 Experimental Results
111 this section, \vc! rqmrt  011 our currcllt  tests writll  tllc
I’IJhl A 260 lnanilnllator  and tllc l’Gt)ascd  co~lt rollm.
‘J’hc systetn start-uI)  is still quite  involved  and illcludcs
tile followi~lg  stq)s:
(i) I’OWW u1) tlm I’UMA  co~ltroller  and load ~’Al,  t o
tllc I’UMA  controller,
( i i )  Cali},ratc t h e  robot  usilkg  VA] al]d acqlliw  tllc
I’lJMA joint angles,
(iii) IJowlload  IIIOI)CI  to ttl(> 1’lJNfA  colltl  CJII(’I  ,

(iv) Start the! l’c-based colltrollcr,  itlitialize  I’C arid
~nopcr  data structures with tllc! mt)otj  joint  CUI Icllt  val-
Uc’s

An al)lmoxitnatc  calil)ratioll  of t,llc  visual illt c1 face is
thcll  carr ied  oLlt by the olmator  I)y sclwtjirlg  otl tllc
conll)Lltcr  screw  t h e  base a[ld  tllc  til) of ttic  slltgical
nw!cllc, a s  S11OWI ill FigLlre  5. 1’lIc 1’(; tllc[l ackllow-
cdgcs tllc  axis sclcctioll  by drawitl~  a lillc 011  tllc  llccdlc
itl t h e  calncra  pictLlrc.  Ily  ktlowrillg  ttlc’ rolmt oric~lta-
tio~l writll  rcslmctj  to the c.alllcra  and  ttlc  lcllgtll  of ttlc
nccdlc,  it is l)ossihle to conll)Lltc  tllc  s c a l e  factjol o f
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}Jigum 8: l’lot of tl)c  tlackitlg  crrcm.

tlic  ilrlagc  and  Lwe tllc  ltloLw to define a lillcar  trajec-
t o r y  for tllc  Iol)c)t. ‘1’11(!  Lu+cr  sl)ccifics  tllc c[l&1x3illt
of IIlot io]l for tllc rolmt,  l)y clickitlg  w’it  II t 11(!  IIIOLMC!  011
a lmitlt  oll ttlc  lwcxllc axis. \t’itll tllc currcllt  set , -uIJ ,
t Ilc scwc[l  wsolut ion  corrcsImlids  to 1 ?li?n /l)ixcl. ‘1’llc
start Illotioll  col[llllatid is tlle~l given  l)y tyl)ilLg  tile cor-
r(slm~ldillg  text strirlg.

A  tyl)ical  exIwlittlcllt  i s  SIIOW’11  ill F’iguws  5 and 6.
1{’igurc  5 SILORW tllc cross-hair lrlarkitlg tlw sclcctioll  of
t II( ILCCYIIC  t il) arid  of tllc  trajectory CIIC1  Imillt.  Figure 6
SIIORW t}lc eIId of tile trajectory with tllc lnanilnllator
wacliillg  tllc CL’OSS-llilil I[lalkitlg tll[’ target ~)oitlt.  ‘1’11[’

co][ir[latk(l  givctl Llsillg  tlLc visLlal  it)t(’tfacc corIcsl)oIIds

t o a 5 C)II ]I)ot imi  OII tllc XZ ])latlc, atollg  t II(’  litlc d(:-

fillcd l)y t 1)(’  Curlellt orient at io~l of tllc sLltgical  ~leedle,
atld \vit  II a wlocity  of 10 ?JLrtL  /s. ‘1’llc  initial  l)ositioll
of  tllc  allll  is (o = 187.39T)1TJI,  ?l = - 1 2 6 . 2 4  71171L, z =
- 9 . 8 1  7/17//),  atld  tllc oriclltatioll  rwnaitls colwtallt  dut-
itl~  tllc ~llotioll. ‘1’lic  fitlal  Imsitio:l  o f  t,llc  arltl i s
(r = 236.56  ?JIm, y = —126.24?It Tn, z = —18.76?w1).

l~iguw 7  snows tllc ~)lot  of tllc Cartesiatl  sctlmillt
a]ld of tllc  rolwt atln Illotioxl  dulitlg  the trajectory of
l’iguw  G. ‘J’lic l)urlmsc of tllcsc  tests  is ~)lit[larily  t o
cvallmt c tllc  cflccts o f  tllc trz~jectory  .gclLc’rat  io~l and
co~[lttlutlicat  io~l ~)mtowl  011 t llc tracking  ~wrfornlatlcc
of t IIc al 1[1. ‘1’llis  ~]lot,  SIIOWW ttlat  ttlc  arl[l tracks  t h e
cy(loidat  C:ittcsiall  lllotioll  tlajcctolics  acculatcly,  and
dclllo~lst  rates tllc  good t Iackillg  lmfor~nallcc  of tlllc
l’~1-l)ascd  co~lt loller.  l’lic l[laxilllutn  trackitlg  error for
tllc  cxlwritnctlt  slmvll  ill  I“igur(!s  5 and  (i i s  equal t o
().2 ?l~?r~,  all(l  is tyl)ical  oft rajcct orics 10 to 15 c)ll lo~lg,
t I avc,rscd \vitll  t llc velocities of 3 to I(I 7//?/1/s,  used ill
t 11(’s(’  sur~icat 1)1 O(’NILII(’S.

l)uritlg  tllc  cxlwri~[lc~lts,  data are lnwwscd  and  l)r[:-
scvlt,cd  to tile oI]crat,cw  usitlg  a set of  Mat,  I,al)  l)rocc:-
duws [ 2 ] .  III tllc curw~lt  il[lI)lclllelltatic)lL,  tllc coll-
tlol C y c l e  o f  tile l’C-lmscd  Colltrollel  is lilllitcd  t o
28.()  IILS t)y t }lc ul)datc!  til[lr  of ttle PIJNIA  collt roll(!l.



Siuce the conllnltat  icnl  and colliltlutlical  ion  c y c l e  o~i
the PC takes  a~qnwilllatcly  8 ?ns, tllc corltroller  d o t s
llot introduce  a~ly  degradation to tllc rolwt  arlll lwl-
fornlancc.  Ily  Inakiug tllc alqwolwiatc  clIaILRcs  to tllc
I)araluctcrs  of  the  PIJNIA  joi[it  collt rollus,  t I)c co~l-
trol cycle of the  PGbascd  colltroller  earl  iri tllcwry Iw
rcduccd  t o 8 ?US, thus siguiflcalltly  ilrl~)rovi[lg  syst clll
~wrforlnance.

G Conclusions
A robc)t ic wwrkst ation for siltl~)l(:  sut gical l)rocduws is

dcxrit)d ill th is  ])al)m. ‘I’l Ic systmll  is l’[~-l)as(d  all(l

uses a I’{JMA  260 matlil)ulator,  wllicll  is ~rcll  suited
forsi[tllJlc:  tasks  rc:cl~litilLg lJr(:cis(:  l)()sitic)Il  colltrolalld
force ~tlollitoring,  and  a s[na]l  syst[!lll  CIIVCIOIW  for easy
tratlsport  atlcl  illstallatioll  ill  tll[!c)I)c’ratiIl  glcJcJ]ll.  ‘1’lIc
IWO1)OSCX1 systcvn  rcs~mnds  to tllc  Iiecd  of tllc  Ilicdical
colIltuutLity  for a  l’C-})ascd  lligll-~)crfolltlall(”(,  IIlotjioll
co~ltrollcr for I’lJMA  nlanil)ulators  that CaTL  suI)l)or~
a~l  ol)cn  arcllitccturc with diff’cmltl  irll)ut  dcviccsj  SUCII
a s  X-ray  ~nac]liucs  and  iltlagc atmlysis  l)lofya[[ls.

2’]](! usc of a lol)otic dcvicc  ill tll(!  surf+ical  cllviroll-
Illellt will hav[! a numbot.  of sigllificatlt,  advalllagcs  fo)
the l)racticillg; surg(!oll. For cxa[nljl(!,  it \vill  l)rovidc
qua[ltitativc  force  inforlnatioll  to tlic sur~ical I)roc[’-
durc, it will c!]lsurc that, ill  the case of tllc disccckn[ly,
the guide nccdlc  will rcacll  tlm target  ill a sill~lc Itlo-
tion,  and  it will ~)rovidc  a llighcr level of rqwatal)ility
than is curwlltjly acllievablc.

TIK!  exlwritneuts  carried out, so  far SIIOW  t h a t  the
I’C-basc(l colltrc)llcris  al)lctollalldlc  sucwssfully  tllc
co~ltrol of I’IJhl A arm and  a c q u i r e  folcc atld torque
d a t a .  Furthcrlllole,  tllc il[ll)lcltlclltatioll  of  tllc  colI-
troller  softw:irc  SIIOWS  that rol}ot  collt,rol  call take ad-
va~ltagc  of tllc large Imdy  of l)ublic  dolllaitl softwaw
availal)lcj  sucli a s  RCCI,  for ki~lctnat,ic  analysis and
I’(JMA colr~t[ltlllicatio~l.

III the future, u’c l)lall  tocln~)llasizc  tlic  it!tcglatioll
asIwcts  of the’  desigtl, to Sitnl)lify  tllc rolmt ol)(’I’ilti  Oil,
and  tile precision tests  duting realistic olwratitl,g  rooltl
cxlmriulclltJs.  M’c will also itlllnxnw  t,llc  ovclall  safety
o f  t h e  Systeln,  I)y dcvclolJillg  al)lmolwiatc calil)ratioll
~woccdurcs,  force IIlollitoritlg  wllell  using tllc  flcxi})lr
sulgical  Il(!cdlc, kitlcvnatir aldysis  of ttajcctoly  sill.gw
laritics,  and  cxt,crnal  SC VISOIS.
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